Patients with systemic sclerosis (SSc) often display Raynaud's phenomenon and digital skin ulcers. As these ulcers are not associated with autoimmune factors or abnormal coagulation, conventional immunosuppressive therapies, vasodilators, and anticoagulants are often ineffective. Here, we used extracorporeal shock wave therapy (ESWT) to treat these ulcers. Nine SSc patients with new digital ulcers, previously treated with at least one currently available vasodilator or anticoagulant were enrolled. One ESWT session consisted of 100 pulses at 0.08-0.25 mJ/mm 2 in 20 areas on both hands and 15 areas on both feet, totaling 7,000 pulses. Treatment was performed once per week for 9 weeks with observations over 20 weeks. Outcomes were evaluated according to the number and diameter of ulcers, Rodnan skin score, Health Assessment Questionnaire (HAQ), EuroQol 5 dimensions (EQ-5D), visual analog scale for pain, and the PainVision system. The surface skin temperature of all the fingers was measured using thermography. Ulcers showed signs of healing after one session, and their mean number decreased from 5.4 to 1.1 at 9 weeks. In particular, of the 18 large ulcers (> 5 mm) observed in 7 patients before the treatment, 10 disappeared and the rest became smaller; namely, the mean size decreased from 10.9 mm to 2.5 mm at 20 weeks. The average scores on the HAQ, EQ-5D, and PainVision system also improved. Treatment was minimally invasive and could be repeated without any adverse effects. ESWT may be added to standard treatments for indolent digital ulcers of SSc, as an effective and safe method.
Introduction
Systemic sclerosis (SSc) is an autoimmune disease characterized by excessive deposition of collagen in the skin and visceral organs as well as vascular damage, including Raynaud's phenomenon and digital ulcers. Digital ulcers are common and occasionally disabling manifestation of SSc, which develop due to a narrowing and occlusion of the digital arteries and arterioles. Digital ulcers occur within 4 years of diagnosis in 65% of patients with SSc (Poole et al. 2004) . In some patients, particularly those with limited cutaneous SSc, digital ulcers represent the primary functional limitation. In some cases, infection may occur and lead to substantial loss of tissue. Over a period of years, the healing of ulcers leads to residual scarring and progressive digital shortening (Poole et al. 2004) . The pathogenesis of this condition is complex; the pivotal steps are endothelial cell damage, immune activation, and collagen production by fibroblasts (Abraham and Varga 2005) . Endothelial involvement is associated with an increase in some circulating markers, including vascular endothelial growth factor (VEGF) (Cerinic et al. 2003; Carvalho et al. 2007) . Treatment of SSc is generally ineffective because it is impossible to modify the course of the disease, especially with regard to the effects of Raynaud's phenomenon and stenosis of the peripheral arteries, which ultimately results in digital ulcers. As such ulcers are not caused by autoimmune factors or abnormal coagulation, immunosuppressive therapies and anticoagulants have shown little effect (Denton and Black 2005) .
Extracorporeal shock wave therapy (ESWT) is defined as a sequence of sonic pulses characterized by high peak pressure (up to 100 MPa), fast pressure increase (10-100 ns), and short lifecycle. This technique was first applied in 1980 for treatment of kidney stones. During the last 10 years, it has been found to induce immediate antalgic and anti-inflammatory effects together with long-term tissue regeneration (Schaden et al. 2007 ) and an increase in angiogenesis (Aicher et al. 2006; Ito et al. 2009 ). Recently, Nishida et al. (2004) applied low-energy ESWT to the ischemic region in a porcine model of chronic myocardial ischemia. Myocardial blood flow and cardiac function were improved and enhanced VEGF production was observed in vitro and in vivo. The efficacy and safety of ESWT for patients with angina pectoris has also been reported (Fukumoto et al. 2006; Kikuchi et al. 2010) . Moreover, Hayashi et al. (2012) reported that endothelial nitric oxide synthase played a critical role in ESWT-induced accelerated wound healing in diabetic mice by promoting VEGF expression and neovascularization. Clinically, Moretti et al. (2009) reported, in a controlled study, that ESWT was effective in curing and reepithelialization of diabetic neuropathic foot ulcers. ESWT has also been applied to collagen diseases, with Tinazzi et al. (2011) reporting that ESWT improved skin sclerosis and thickening in patients with scleroderma.
Based on these results, ESWT could have the potential to stimulate new vascularization and healing when applied to the skin of SSc patients with Raynaud's phenomenon and digital ulcers. The aim of this study was to investigate the efficacy and safety of ESWT for treatment of refractory skin ulcers caused by SSc.
Patients and Methods

Study design
This was a phase 2 pilot study conducted at Tohoku University to evaluate ESWT for the treatment of digital ulcers caused by SSc, conducted from December 2012 to November 2013. This study was approved by the Ethical Committee of Tohoku University (2012-2-130) and was published as a clinical trial under UMIN (R000013893). Written informed consent was obtained from all 9 patients before enrollment.
Subjects
All patients were confirmed to have limited or diffuse SSc, fulfilling the 1980 American College of Rheumatology criteria for SSc (Subcommittee for Scleroderma Criteria of the American Rheumatism Association Diagnostic and Therapeutic Criteria Committee 1980) and were then assessed according to the 2013 Classification Criteria for SSc (van den Hoogen et al. 2013) . For entry into the study, patients had to have one or more newly developed digital ulcers. Patients entering the study continued taking oral vasodilators or intravenous prostaglandin E1 and continued receiving treatment for other complications such as interstitial pneumonia or pulmonary hypertension. Patients younger than 20 years and those with severe cardiovascular or respiratory disorders, or infection at the site of ESWT application were excluded. Pregnant or lactating participants and patients in another trial for a new medicine for digital ulcers were also excluded.
Treatment protocol
An electromagnetic lithotripter (DUOLITH SD1 device, Storz Medical AG, Switzerland) was used for ESWT application. The treatment protocol in this study consisted of 1 session per week for 9 weeks (Fig. 1) . Two hundred pressure pulses were focused on the volar side of each finger, 500 on each hand, and 500 on both forearms. Subsequently, 200 pulses were focused on the sole of each toe and 500 on the sole of both feet. In summary, 2,000 pulses were focused along each upper extremity and 1,500 along each foot, totaling 7,000 pulses in one session. The application of defocused energy started at 0.08 mJ/mm 2 , with a repetition frequency of 4 Hz, and was increased to 0.13 or 0.25 mJ/mm 2 (≈10% of the energy for lithotripsy treatment), unless pain was sensed. Treatment did not require any kind of anesthetic.
Evaluation
The number and size of ulcers were measured before treatment began and at 9, 15, and 20 weeks after the first ESWT session (Fig. 1 ). Ulcers were defined as a loss of surface epithelialization and did not include fissures or cracks. Ulcers were photographed at each examination using a digital camera and the longest diameter of each ulcer was measured. Ulcer healing was considered complete when total reepithelialization of the ulcer was observed. Skin elasticity was determined using a modified Rodnan skin score, with palpation of 17 anatomical sites and scoring on a scale of 0-3, with 0 = normal skin, 1 = slight thickening, 2 = moderate thickening, and 3 = hidebound skin sclerosis (Clements et al. 1993) . A visual analog scale (VAS) and PainVision system were used to evaluate pain caused by the ulcers. The VAS assessed pain in the hand on a scale of 0-100, with 0 = best possible condition and 100 = worst possible condition. The PainVision system is a novel method for the quantitative measurement of pain intensity, using a painless electrical stimulation system (Matsumura et al. 2012) . Disability parameters of the Health Assessment Questionnaire (HAQ) and the EuroQol 5 dimension (EQ-5D) questionnaire were also completed by each patient immediately prior to each session. Thermography of the whole hand was performed with a Thermoshot F30 (Nippon Avionics Co., Ltd., Tokyo, Japan). Subsequently, the temperature of each digit was calculated with an InfRec Analyzer NS9500 Standard System (Nippon Avionics Co., Ltd., Tokyo, Japan) (Cherkas et al. 2003) . Prior to each temperature measurement, patients were exposed to a temperature of 21°C for 15 minutes in a thermostatic chamber. Pain VAS, HAQ and EQ-5D scores were assessed before treatment began and at 9, 15, and 20 weeks, along with the counting of the ulcers. PainVision, Rodnan skin score and thermography were evaluated before treatment began and at 9, 15, and 20 weeks (Fig. 1) .
Primary outcome
The number and diameter of ulcers (larger or smaller than 5 mm) at 20 weeks following the start of ESWT treatment was the primary outcome.
Secondary outcomes
Secondary outcomes included (1) pain VAS score, PainVision score, HAQ score, EQ-5D score, fingertip temperature, and Rodnan skin score at 20 weeks following the start of ESWT treatment; (2) the number and diameter of ulcers, pain VAS score, HAQ score, and EQ-5D score for each of the 9 weeks of treatment and at 15 weeks; (3) fingertip temperature, PainVision score, and Rodnan skin score at 9 and 15 weeks; and (4) incidence of adverse effects.
Statistical analysis
Calculations were performed with the SPSS statistical package (IBM Corp., Chicago, USA). For statistical analysis, a paired Student's t test was used, and P-values of ≤ 0.05 were considered statistically significant.
Results
We enrolled 9 patients (8 women, 1 man), numbered as C13-1 to C13-9, aged 26-79 years (mean, 51.1 years). Five patients had diffuse cutaneous SSc and 4 had limited SSc (Table 1) . Disease duration varied from 5-32 years (mean, 12.6 years). Four of the 9 patients were treated with prednisolone, 1 with tacrolimus and 1 with mizoribine. All 9 patients had taken at least 1 vasodilator, including 6 patients who took intravenous prostaglandin E1 and 7 patients who took oral prostaglandin E1. Five patients had taken both intravenous and oral prostaglandin E1. One patient also took warfarin, 6 took an antiplatelet agent, 3 took an endothelin receptor antagonist, and 1 took sildenafil, a phosphodiesterase inhibitor (Table 1) . No patient had calcification at the area of ESWT application. Initially, 49 digital skin ulcers were observed in 9 patients; 40 on the fingers and 9 on the toes. The average number of ulcers per patient was 5.4. Eighteen of the ulcers were 5 mm or larger in diameter and 31 were smaller than 5 mm. The clinical features of the 9 patients are summarized in Table 2 .
Ulcer healing
Some skin ulcers showed improvement at 1 week after the first ESWT session (Table 3) . At 4 weeks, the average number of ulcers per patient was 2.3 ± 0.5, which was a significant decrease. At 9 weeks, 39 ulcers had disappeared and the average number of ulcers was 1.1 ± 0.4. At 20 weeks, ulcers had reappeared in some patients, with a mean of 2.2 ± 1.1 ulcers per patient. However, there were still significantly fewer ulcers per patient at 20 weeks than at the start of treatment (P < 0.05, Fig. 2 ). Thus, a positive primary outcome was achieved. In this study, we took note of large ulcers (diameter of 5 mm or larger) present in 7 patients (see Table 2 ). Before ESWT, 18 large ulcers existed with an average diameter of 10.9 ± 0.7 mm (Table  4) . After ESWT, 10 of the large ulcers (larger than 5 mm before ESWT) had disappeared and the average diameter diminished significantly to 3.7 ± 1.1 mm at 9 weeks and 2.5 ± 0.8 mm at 20 weeks (Table 4 ). Fig. 3 shows the photographs of ulcers in 2 representative patients. Patient C13-2 had large ulcers on the right second and fourth digits before ESWT began. The original ulcers were improved at 9 weeks, but several new ulcers had appeared at 20 weeks (upper panel). In contrast, patient C13-9 had large ulcers on the right fourth and fifth digits before treatment. The ulcers showed apparent improvement at 9 weeks, and 1 ulcer on the fourth digit had completely disappeared at 20 weeks (lower panel). The mean VAS score improved significantly from 43.3 ± 9.3 before treatment to 18.1 ± 6.4 at 9 weeks, but worsened to 32.8 ± 10.4 and 30.2 ± 11.3 at 15 and 20 weeks, respectively (Fig. 4A) . Seven patients showed improvement in PainVision scores at 9 weeks, but 6 showed worsening at 15 or 20 weeks, reflecting the reappearance of ulcers during the observation period (Fig. 4B) .
Skin elasticity
Eight patients improved or did not change at 9 weeks and only 2 patients worsened at 15 and 20 weeks (Fig. 5) . The mean Rodnan skin score showed significant improvement at 9, 15, and 20 weeks. W indicates weeks after the first ESWT treatment. SE indicates standard error. *P < 0.05, **P < 0.02. Fig. 2 . Translation of mean number of ulcers for 9 patients at each visit. The bars represent mean number of ulcers ± SE at different visits. *P < 0.05, **P < 0.02.
Functional assessment
Eight out of 9 patients showed a decreased functional status before ESWT, while 1 patient demonstrated no decrease in functional status on both the HAQ and EQ-5D throughout the study period. The average HAQ score before treatment was 0.57 ± 0.16. At 9 weeks, 5 patients improved, including 2 patients who achieved a full score of 0.00. The average HAQ score improved to 0.43 ± 0.15 at 9 weeks, but worsened to 0.56 ± 0.24 and 0.50 ± 0.20 at 15 and 20 weeks, respectively. These changes in HAQ score were not significant (Fig. 6A) . The average EQ-5D score was 0.54 ± 0.11 before treatment, and all 8 patients Mean ± SE 10.9 ± 0.7 3.7 ± 1.1* 3.8 ± 1.0** 2.5 ± 0.8*** W indicates weeks after first ESWT. R and L indicate right and left respectively, for example, R4 indicates Right 4th finger. SE indicates standard error. *P = 3.2 × 10 −7 , **P = 1.4 × 10 −6 , ***P = 9.3 × 10 −8 . Fig. 3 . Pictures of digital ulcers in 2 representative patients at 0, 9 and 20 weeks.
Upper panels show the digital ulcers of patient C13-2, and lower panels show the digital ulcers of patient C13-9.
improved at 9 weeks, including 2 patients who reached a full score of 1.00. The average EQ-5D score exhibited a significant increase to 0.80 ± 0.06 at 9 weeks, followed by a slight decrease to 0.68 ± 0.10 and 0.69 ± 0.11 at 15 and 20 weeks, respectively (Fig. 6B) .
Fingertip temperatures
The temperature of each digit was calculated by thermographic analysis. Fig. 7 shows the mean temperature of 10 fingertips at 0, 9, 15, and 20 weeks in each patient. A significant increase in temperature was observed in 3 patients at 20 weeks but 4 patients showed a significant decrease over the same period. The average fingertip temperatures of all 9 patients did not change significantly.
Safety
No adverse events were reported during the study period, demonstrating that this treatment was minimally invasive and could be safely repeated.
Discussion
Digital ulcers are a severe complication of SSc caused by micro-vessel impairment and the persistent vasospasms associated with Raynaud's phenomenon. In a study of 938 patients with SSc, approximately 50% of patients experienced digital ulcers, of which 10% required continuous therapy and 1% had severe symptoms, such as gangrene.
Moreover, reports of permanent damage, such as scarring (53.1%) and amputation (7.3%), reveal the potential severity of this disorder (Guiducci et al. 2007; Khimdas et al. 2011) .
Treatment of SSc is generally ineffective because it is impossible to modify the course of the disease, especially the components due to Raynaud's phenomenon and stenosis of the peripheral arteries, which ultimately lead to digital ulcers. Calcium channel blockers have been used widely but there is little evidence of their effect on digital ulcers. Clinical studies have reported the efficacy of intravenous iloprost for treatment of Raynaud's phenomenon and digital ulcers, although this treatment is costly and requires weekly administration. There is little evidence of the effects of selective phosphodiesterase inhibitors, such as sildenafil, on digital ulcers (Steen et al. 2009 ). The dual endothelin-1 receptor antagonist, bosentan, has demonstrated an effect on preventing development of new digital ulcers but has failed to be effective in healing ulcers already present (Korn et al. 2004; García de la Peña-Lefebvre et al. 2008 ).
The present study demonstrated that in patients affected by SSc, skin application of ESWT stimulated rapid improvement in digital ulcers and clinical parameters of skin wellness. The mean number of ulcers and the number of large ulcers decreased significantly at 20 weeks and the treatment achieved the primary outcome of ulcer reduction. VAS and PainVision scores also showed evidence of pain reduction. Rodnan skin scores also improved significantly at 9 and 20 weeks. However, improvements in HAQ and EQ-5D scores were not significantly different at 20 weeks. Finger temperature increased, but the difference was not significant. Some ulcers did reappear after treatment completion, accompanied by worsening pain. However, the limited effect observed during the treatment period strongly supports the effectiveness of ESWT. In addition, improvements in Rodnan skin scores, showing increases in skin wellness and elasticity, persisted at 15 and 20 weeks, even when ulcers and pain reappeared. The improvement in dermal elasticity and ulcer healing, in spite of non-significant finger temperature change, suggests that there is another mechanism of the ESWT effect, besides vascularization and increased blood flow.
In spite of the positive results shown in the current study, there are remaining issues to consider. First, the initial number of ulcers varied between patients, which made statistical analysis difficult. The effect of ESWT varied as well so predictions about treatment effectiveness based on patient characteristics was not established by this study. The small number of patients also adds limitations to predictions of treatments outcomes. An increased number of subjects and more detailed information on patient backgrounds, allowing for better treatment predictions, should be included in the next phase of studies. Second, it was difficult to distinguish the effect ESWT from spontaneous ulcer healing due to seasonal changes. Ideally, a placebocontrolled study is desirable. However, there are problems in setting up a control group for this type of treatment as patients would recognize the lack of sensation during a sham ESWT shooting, and a treatment-hand vs. controlhand study may not be valid because ESWT presumably has systemic effects, even in single-hand application. However, there is information regarding the occurrence of spontaneous healing. A randomized, double-blind, placebocontrolled study with bosentan on healing and prevention of ischemic digital ulcers in SSc, which had patients with similar backgrounds as those in the present study, showed complete healing of digital ulcers in only 20% of patients taking bosentan or the placebo after 9 weeks (MatucciCerinic et al. 2011) . To follow up on these results, in parallel with our pilot study, we performed an observational study of digital ulcers in 30 patients with SSc receiving only conventional treatment. By comparing the ESWT study with this control group, the efficacy of ESWT should be clearly shown. Third, worsening of digital ulcers after treatment completion should be taken into account. For further investigations aimed at obtaining approval of this new therapy for the treatment of digital ulcers associated with SSc, an increased number of subjects and a practical and understandable control group are required. Moreover, treatment prolongation should be considered according to each patient's condition after the initial treatment period.
Overall, the results of our study suggest that ESWT is a novel and efficacious treatment that can be added to pharmacological therapy. This treatment is well tolerated, can be repeated without adverse effects, and requires no anesthesia. It demonstrated rapid improvement in skin elasticity and wellness even though some beneficial effects tended to decrease over time.
